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Objec(ves	
  of	
  the	
  Project	
  
•  Develop,	
  employ	
  and	
  criAcally	
  

compare	
  novel	
  methodologies	
  
for	
  UQ	
  in	
  wind	
  turbine	
  
applicaAons	
  

•  DisAnguish	
  and	
  esAmate	
  the	
  
importance	
  of	
  numerical	
  errors,	
  
aleatory	
  and	
  epistemic	
  
uncertainAes	
  

•  Establish	
  approaches	
  for	
  mulA-­‐
fidelity	
  and	
  gradient-­‐enhanced	
  
UQ	
  simulaAons	
  

•  Disseminate	
  advanced	
  UQ	
  
technologies	
  to	
  wind	
  energy	
  
community	
  

	
  



Wind	
  Turbine	
  Simula(ons	
  
Energy	
  extracAon	
  and	
  environmental	
  impact	
  (noise)	
  are	
  criAcally	
  
linked	
  to	
  the	
  aero-­‐structural	
  performance	
  of	
  turbine	
  blades	
  
	
  
Blade	
  design	
  is	
  a	
  truly	
  mulAdisciplinary	
  problem,	
  requiring	
  trade-­‐
offs	
  between	
  fluid	
  dynamics,	
  structural	
  mechanics,	
  acousAcs,	
  etc.	
  	
  
	
  
UncertainAes	
  can	
  play	
  a	
  significant	
  role	
  in	
  the	
  actual	
  performance	
  
of	
  the	
  system	
  and	
  therefore	
  it	
  is	
  important	
  to	
  
•  	
  explicitly	
  acknowledge	
  their	
  presence	
  	
  
•  	
  quanAfy	
  their	
  effects	
  

	
  
Under	
  DOE/ASCR	
  funding	
  we	
  are	
  developing	
  uncertainty	
  
quanAficaAon	
  algorithms	
  to	
  analyze	
  (and	
  opAmize)	
  wind	
  turbines	
  
under	
  uncertainty	
  	
  



Uncertain(es	
  &	
  Errors	
  

	
  
Numerical	
  discreAzaAon	
  errors	
  result	
  from	
  
numerical	
  soluAon	
  procedures,	
  e.g.	
  grid	
  
resoluAon,	
  Ame-­‐stepping,	
  etc.	
  
	
  
Natural	
  variability	
  –	
  randomness	
  –	
  is	
  intuiAvely	
  
connected	
  to	
  wind	
  scenarios,	
  manufacturing	
  
tolerance,	
  dust/insect	
  contaminaAon,	
  etc.	
  
	
  
Modeling	
  errors	
  are	
  associated	
  to	
  assumpAons	
  
present	
  in	
  physical	
  model	
  we	
  use	
  to	
  represent	
  
reality,	
  e.g.	
  turbulence	
  models,	
  laminar/
turbulence	
  transiAon	
  predicAon,	
  stall,	
  etc.	
  



Objec(ves	
  of	
  This	
  Talk	
  

Provide	
  background	
  on	
  the	
  simulaAon	
  techniques	
  and	
  examples	
  of	
  
uncertainty	
  scenarios	
  considered	
  in	
  the	
  project	
  
Briefly	
  introduce	
  
•  Low-­‐Fidelity	
  Tools:	
  Eolo	
  (FAST)	
  &	
  Cactus	
  
•  High-­‐Fidelity	
  Tools:	
  SU	
  OverTurns,	
  ASC	
  Sierra	
  Thermal/Fluids	
  

UQ	
  Techniques	
  will	
  be	
  described	
  in	
  the	
  following	
  talk	
  



	
  	
  

Low-­‐Fidelity	
  Tools	
  



HAWT	
  -­‐	
  EOLO	
  
•  Assembled	
  the	
  EOLO	
  framework	
  

based	
  on	
  NREL	
  tools	
  (e.g.	
  FAST)	
  
•  Includes	
  aerodynamics,	
  structural	
  

dynamics,	
  turbulent	
  wind	
  flows,	
  
noise	
  

•  The	
  aerodynamic	
  analysis	
  are	
  based	
  
on	
  xfoil	
  (low-­‐fidelity	
  flow	
  predicAon	
  
tool)	
  rather	
  than	
  experimental	
  
correlaAon	
  

•  Blade	
  stall	
  and	
  transiAon	
  behavior	
  
are	
  characterized	
  using	
  semi-­‐
empirical	
  models	
  (Viterna	
  and	
  eN,	
  
respecAvely)	
  

•  EOLO	
  is	
  driven	
  by	
  matlab	
  and	
  
interfaced	
  with	
  Dakota	
  and	
  
accommodate	
  UQ	
  Analysis	
  and	
  
Robust	
  Design	
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VAWT	
  -­‐	
  CACTUS	
  

•  CACTUS:	
  Code	
  for	
  Axial	
  and	
  Cross-­‐
Flow	
  Turbine	
  SimulaAons	
  	
  

•  Rigid-­‐body	
  aerodynamic	
  model	
  for	
  
single	
  horizontal-­‐	
  or	
  verAcal-­‐axis	
  
wind	
  turbine	
  rotor	
  design	
  

•  Wake	
  modeled	
  with	
  free	
  vortex	
  
method	
  

•  Gormont	
  and	
  Leishmann-­‐Beddoes	
  
dynamic	
  stall	
  models	
  

•  Free	
  surface	
  potenAal	
  flow	
  model	
  
for	
  marine	
  turbines	
  

•  Recently	
  added	
  ability	
  to	
  simulate	
  
IEC	
  gust	
  cases,	
  allows	
  for	
  UQ	
  
analysis	
  of	
  extreme	
  loads	
  

•  Cactus	
  is	
  Interfaced	
  with	
  Dakota	
   AI
AA
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Uncertainty	
  Scenarios	
  



Analysis	
  Under	
  Uncertainty	
  -­‐	
  Aleatory	
  EFFECTOFTEMPERATUREONNORMALIZEDINSECTPOPULATIONDENSITY

In this figure, insect accumulation data bbtained during the Cessna206 tests
are comparedwith data from previous insect population studies (refs. 13 to 15).
Relative population density is plotted against temperature. The present data were
obtained by dividing the numberof insects accumulated by the accumulation time,
airspeed and exposed frontal area to yield insect population density. The present
data are shownin three wind speed categories; data have been normalized to the
largest population density value from each category to comparewith the previous
studies. The data show that insect accumulation rate is strongly dependent on
temperature. Accumulation rates steadily increased with increasing temperature up
to about 77°F. Above 70°F, the correlation is good between the earlier studies
and the present experiments. As the temperature decreases below 700F, the
decrease in relative population density is muchless in the earlier studies than
for the present tests, but the curves do follow similar trends. The differences
maybe attributed to variations in the types of insects indigenous to the test
areas. Data obtained less than 12 hrs after precipitation showa slight increase
in the rate of insect accumulation comparedto data points at similar temperatures
and wind speeds. Previous researchers concluded that no absolute correlation
existed betweenprecipitation and insect accumulation rates. Themost important
factor is that insect accumulation rates are greatest between 70°F and 80°F with a
peak near 77°F.
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1)	
  Collect	
  informaAon:	
  	
  
	
  Insect	
  contaminaAon	
  

2)	
  Construct	
  a	
  probabilisAc	
  model	
  	
  
	
  of	
  the	
  uncertainAes	
  (4	
  r.v.s)	
  

	
  

3)	
  Perform	
  UQ	
  propagaAon	
  

4)	
  Compute	
  staAsAcs	
  of	
  the	
  
	
  	
  	
  	
  	
  	
  QuanAAes	
  of	
  interest	
  



Analysis	
  Under	
  Uncertainty	
  -­‐	
  Aleatory	
  
Analysis	
  under	
  uncertainty:	
  effect	
  of	
  insect	
  contaminaAon	
  of	
  
overall	
  power	
  extracAon	
  

>>>	
  but	
  can	
  we	
  really	
  predict	
  transiAon?	
  

Z

⌦
E(~⇠)p(~⇠)d~⇠

1

Expected	
  Energy	
  
ExtracAon	
  

Ω	
  is	
  a	
  4D	
  space	
  
(spanned	
  by	
  the	
  
uncertain	
  variables)	
  



Physical	
  Modeling	
  

NREL/SR	
  500	
  36345	
  

Clean	
  CL	
  

Effect	
  of	
  trip	
  

	
  
NREL	
  S827	
  Airfoil	
  

ComputaAonal	
  
Study	
  with	
  Xfoil	
  
	
  



Physical	
  Modeling	
  
• The	
  eN	
  method	
  in	
  Xfoil	
  is	
  simple	
  and	
  effecAve	
  but	
  limited	
  in	
  scope	
  

• RANS	
  models	
  promise	
  to	
  provide	
  more	
  detailed	
  informaAon	
  
regarding	
  viscous	
  effects:	
  γ-­‐Rec	
  transiAon	
  model	
  developed	
  by	
  
Menter	
  et	
  al.	
  

	
  
IntermiDency	
  
(γ=0/1	
  >	
  laminar/turbulent)	
  

CriAcal	
  Re	
  number	
  
	
  

Empirical	
  
CorrelaAons	
  
	
  

Which	
  one?	
  



Analysis	
  Under	
  Uncertainty	
  -­‐	
  Epistemic	
  

4)	
  Compute	
  intervals	
  on	
  the	
  
	
  	
  	
  	
  	
  	
  QuanAAes	
  of	
  interest	
  

3)	
  Perform	
  UQ	
  propagaAon	
  

2)	
  Construct	
  a	
  
representaAon	
  
of	
  the	
  model	
  
uncertainAes	
  
	
  

1)  Collect	
  informaAon:	
  	
  
Expert	
  Opinions 	
   	
  	
  



High	
  Fidelity?	
  

•  Xfoil	
  and	
  γ-­‐Re	
  models	
  do	
  require	
  extensive	
  calibraAon	
  
•  ExponenAal	
  increase	
  in	
  computaAonal	
  resources	
  holds	
  
the	
  promise	
  of	
  using	
  first-­‐principle	
  models	
  
•  High-­‐fidelity	
  modeling	
  –	
  Large	
  Eddy	
  SimulaAons	
  



	
  	
  

High-­‐Fidelity	
  Tools	
  



Barriers	
  to	
  High-­‐Fidelity	
  Modeling	
  
Wind	
  turbines	
  are	
  inherently	
  mulA-­‐physics	
  systems	
  

• Need	
  to	
  be	
  high-­‐fidelity	
  across	
  disciplines	
  
• Aeroloads	
  are	
  the	
  first	
  target	
  here	
  

ComputaAonal	
  methods	
  
•  Impact	
  of	
  numerical	
  discreAzaAon	
  error	
  has	
  to	
  be	
  assessed	
  
• Handle	
  moving/sliding	
  geometries	
  
• Massively	
  parallel	
  and	
  scalable	
  implementaAon	
  

Uncertainty	
  QuanAficaAon	
  
•  It	
  might	
  be	
  challenging	
  to	
  describe	
  uncertainty	
  sources	
  (e.g.	
  
inflow	
  turbulence,	
  gusts)	
  

• Modeling	
  assumpAons	
  sAll	
  present	
  

	
  
	
  
	
  



Scalability	
  for	
  High-­‐Fidelity	
  Simula(ons	
  
•  Sliding	
  mesh	
  algorithm	
  requires	
  efficient	
  parallel	
  search	
  
and	
  dynamic	
  modificaAon	
  of	
  linear	
  systems	
  

Parallel	
  DecomposiAon	
  	
  	
  	
  	
  	
  Turbulent	
  Viscosity	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Mesh	
  Interface	
  

Tu
rb
ul
en

t	
  K
in
eA

c	
  
En

er
gy
	
  



Leverage	
  from	
  Previous	
  Efforts	
  
• Stanford	
  CTR	
  code	
  base	
  
• Sandia’s	
  Sierra	
  code	
  base	
  
• Each	
  provide:	
  

•  Massively	
  parallel	
  compuAng	
  
•  High	
  quality	
  numerics	
  on	
  unstructured	
  grids	
  
with	
  code	
  verificaAon	
  suite	
  in	
  place	
  

•  Demonstrated	
  code	
  scalability	
  
•  LES	
  to	
  support	
  B61	
  Qualifica4on,	
  
SAND2012-­‐4731P	
  

•  Scaling	
  demonstrated	
  on	
  unstructured	
  
hex	
  meshes	
  of	
  1.2	
  billion	
  on	
  >	
  65,000	
  
cores	
  

	
  
400	
  million	
  dof	
  object	
  in	
  fire	
   Turbulent	
  jet	
  (1.2	
  billion)	
  



Extreme	
  Scalability	
  

LLNL	
  Sequoia	
  BG/Q:	
  1.5M	
  cores,	
  	
  
#2	
  Supercomputer	
  in	
  the	
  world	
  



VAWT/HAWT	
  -­‐	
  OverTurns	
  

•  Compressible,	
  vertex-­‐based	
  RANS	
  Solvers	
  with	
  3rd-­‐5th	
  order	
  
discreAzaAon	
  

•  Overset	
  meshes	
  for	
  moving	
  &	
  deforming	
  components	
  
•  System	
  of	
  discrete	
  equaAons	
  solved	
  using	
  second	
  order	
  

backwards	
  differencing	
  scheme	
  (Ame-­‐marching)	
  or	
  globally	
  
spectral	
  (Ame-­‐spectral)	
  

•  Physical	
  Models:	
  
o  Turbulence	
  models:	
  K-­‐omega,	
  Spalart	
  Allmaras,	
  v2-­‐f,	
  v2-­‐f/ASBM	
  
o  TransiAon	
  models:	
  Langtry-­‐Menter	
  γ-­‐Ret	
  	
  

•  Full	
  Discrete	
  Adjoint	
  (in	
  space-­‐Ame	
  domain)	
  
o  Used	
  to	
  calculate	
  gradients	
  
o  Error	
  esAmaAon	
  (space,	
  Ame,	
  stochasAcs)	
  



VAWT/HAWT	
  –	
  Sierra	
  Thermal/Fluids	
  

•  Low	
  Mach	
  (variable	
  density,	
  acousAcally	
  incompressible)	
  
vertex-­‐based	
  (CVFEM	
  and	
  EBVC)	
  generalized	
  unstructured	
  
solvers	
  developed	
  for	
  turbulent	
  reacAng	
  flow	
  
•  Hex,	
  tet,	
  pyr,	
  wedge,	
  quad,	
  tri	
  	
  

•  Advanced	
  sliding	
  mesh	
  capabiliAes	
  including	
  both	
  
DisconAnuous	
  Galerkin	
  and	
  “halo”	
  approaches	
  (extrusion	
  of	
  
mesh)	
  

•  Fully	
  implicit,	
  second	
  order	
  Ame	
  integraAon	
  with	
  low	
  
dissipaAon	
  advecAon	
  operators	
  

•  Physical	
  Models:	
  
o  Turbulence	
  models:	
  RANS	
  (K-­‐omega,	
  SST,	
  etc.)	
  and	
  LES	
  (Dynamic	
  

Smagorinsky,	
  Ksgs,	
  etc)	
  
•  Built	
  upon	
  the	
  demonstrated	
  massively	
  parallel	
  Sierra	
  code	
  

base	
  along	
  with	
  mulA-­‐physcis	
  coupling	
  including	
  FSI	
  



VAWT	
  –	
  OverTurns	
  
 	
  
•  One-­‐bladed	
  verAcal	
  axis	
  wind	
  turbine	
  

setup	
  [Oler	
  and	
  Strickland,	
  1983]	
  
•  NACA0015	
  airfoil,	
  c/R=0.25,	
  TSR=7.5	
  	
  

 
The components of the  
helicopter cannot be 
designed in isolation 
 
 

Time	
  Marching	
  

Time	
  Spectral	
  



VAWT	
  -­‐	
  Adjoints	
  

•  SensiAvity	
  Analysis	
  (VerAcal	
  force	
  and	
  Power	
  Coefficient)	
  

•  Error	
  EsAmaAon	
  (Power	
  Coefficient)	
  



VAWT	
  –	
  Sierra	
  
No(onal	
  5	
  MW,	
  3-­‐bladed	
  “U-­‐VAWT”	
  Design	
  

Design	
  Parameter	
   Value	
  
Rotor	
  Radius	
  (m)	
   74	
  	
  

Height	
  from	
  base	
  of	
  rotor	
  (m)	
   85	
  

Number	
  of	
  Blades	
   3	
  

Blade	
  Chord	
  (m)	
   1.52	
  

Blade	
  aDachment	
  point	
  (fracAon	
  of	
  chord)	
   0.5	
  

RotaAonal	
  Speed	
  (RPM)	
   7.66	
  

Airfoil	
   SNL	
  0018/50	
  

Chord	
  Reynolds	
  number	
   5,400,000	
  

2D	
  Analysis	
  of	
  a	
  rotor	
  
cross-­‐sec(on	
  

•  A	
  sample	
  of	
  the	
  types	
  of	
  
simulaAons	
  that	
  are	
  being	
  run	
  

•  In	
  general,	
  one	
  full	
  simulaAon	
  
(~1	
  million	
  elements)	
  requires	
  
~one	
  day	
  of	
  simulaAon	
  Ame	
  



VAWT	
  –	
  Wind	
  Gusts	
  
•  The	
  tools	
  are	
  also	
  planned	
  to	
  be	
  deployed	
  
to	
  applicaAon	
  spaces	
  including	
  wind	
  gusts	
  

Velocity	
  magnitude	
  shown;	
  TI	
  =	
  5%;	
  Strickland,	
  Smith	
  and	
  Sun	
  (SAND81-­‐7017)	
  



Summary	
  &	
  Conclusions	
  
•  AccounAng	
  for	
  UncertainAes	
  is	
  Important	
  for	
  EsAmaAng	
  

Performance	
  with	
  Confidence	
  

•  We	
  have	
  built	
  a	
  computaAonal	
  framework	
  that	
  enables	
  us	
  to	
  
•  QuanAfy	
  uncertainty	
  due	
  to	
  variability	
  
•  Asses	
  errors	
  due	
  to	
  numerical	
  discreAzaAon	
  
•  EsAmate	
  uncertainAes	
  due	
  to	
  modeling	
  assumpAons:	
  
•  Balance	
  computaAonal	
  effort	
  in	
  accounAng	
  for	
  all	
  the	
  sources	
  of	
  

uncertainty	
  and	
  errors	
  
•  Achieve	
  extreme	
  scalability	
  on	
  large-­‐scale	
  simulaAons	
  

•  The	
  framework	
  naturally	
  spans	
  mulAple	
  fidelity	
  levels	
  and	
  
enables	
  analysis	
  and	
  design	
  using	
  large-­‐scale	
  HPC	
  systems	
  

How	
  do	
  we	
  effecAvely	
  quanAfy	
  the	
  uncertainty?	
  
>>>	
  Dakota	
  >>>	
  Mike	
  Eldred	
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